Combining the technologies of quantum optics and magnonics, we present a novel method to realize the Barnett effect without mechanical rotations. We show that the coupling between circularly polarized laser and spins generates an effective field analogous to the Barnett field. This optically generated Barnett field develops the total magnetization in insulating ferrimagnets with reversing the local magnetization, and realizes the quasiequilibrium Bose-Einstein condensates of magnons, the optomagnonic Barnett effect. The direction of the optical Barnett field is controllable through the change of laser chirality. We propose a realistic experimental setup to observe the optomagnonic Barnett effect using current device and measurement technologies as well as the laser chirping. Our results pave the way to control and design new optomagnetic functionalities in magnets.
I. INTRODUCTION
For a fast and flexible manipulation of magnetic systems, inventing methods to handle magnetism is a central task in the field of spintronics. Since the seminal works in 1915 by Barnett, Einstein, and de Haas [1] [2] [3] , the transfer of angular momentum from mechanical rotations to spin angular momentum and its reciprocal phenomenon, dubbed the Barnett effect and the Einstein-de Haas effect, respectively, have been intensively investigated. Recent progresses are the observations of the Barnett effect in paramagnets [4] and in nuclear spin systems [5, 6] . Another important advance in the manipulation of magnetism is the utilization of laser-matter coupling [7] [8] [9] [10] , and the reversal of magnetization is achieved experimentally by means of the optical method [11] [12] [13] [14] [15] . Thus the interdisciplinary field between optics and spintronics [16] [17] [18] [19] [20] attracts a broad interest of both experimentalists and theorists.
In this paper, we provide a new handle to control and design a transfer of angular momentum from laser to spin systems, dubbed the optical Barnett effect (Fig. 1) , and its application to the dynamical phase transition as well as the magnetization control. The irradiation of circularly polarized laser to magnetic insulators even provokes the quasiequilibrium Bose-Einstein condensates (BEC) of magnons. This is the remarkable result from the combination of quantum optics and magnon spintronics, i.e., magnonics, and we refer to this optical Barnett effect especially as the optomagnonic Barnett effect. We also propose a realistic experimental setup using ferrimagnetic insulators and the chirping technique of circularly polarized laser. This paper is organized as follows. In Sec. II, we explain the mechanism of the optical Barnett effect, and investigate the prominent application, the optical magnon BEC, in Sec. III. In Sec. IV, we discuss the experimental feasibility. Finally, we remark on several issues in Sec. V and summarize in Sec. VI. Technical details are described in the Appendices. 
II. OPTICAL BARNETT EFFECT
The application of circularly polarized laser to magnets can align the spins and generate the total magnetization along the direction perpendicular to the polarization plane (Fig. 1) . We call this behavior the optical Barnett effect in analogy with the mechanical Barnett effect. Hereafter we use the terminology mechanical Barnett effect (field) to mean the conventional Barnett effect (field) by the mechanical rotation in order to distinguish it from the optical one. We summarize the comparison between the optical and mechanical Barnett effects in Table I .
We explain the mechanism of this phenomenon. Let us consider quantum spin systems described by the Hamiltonian H 0 . We take the polarization plane as the xy plane and the z axis as the direction perpendicular to it. We assume that H 0 has the U (1) symmetry about the z axis for simplicity. Here we focus on the magnetic insulator with a large electronic gap, and only consider the Zeeman coupling between the spins and magnetic component of laser. The time-periodic Hamiltonian is written 
where B 0 > 0 and Ω > 0 are respectively the magnetic field amplitude and the frequency, i.e., photon energy, of the laser. The sign η = +(−) represents the left (right) circular polarization, and S 
Here we consider the case of weak laser field B 0 Ω, and the B 0 S x tot term is negligibly small. From Eq. (2), we see that the circularly polarized laser introduces the effective coupling −η ΩS z tot , which plays the same role as the mechanical Barnett field [23] [24] [25] [26] [27] [28] [29] [30] obtained from the spin-rotation coupling (Table I) . This effective coupling is recast into the Zeeman-type interaction −η ΩS z tot = −η γBS z tot with the gyromagnetic ratio γ and we refer to
as the optical Barnett field [12] . This optical Barnett field develops the total magnetization and plays an essential role in the optical Barnett effect. The direction of the optical Barnett field is controllable through the change of the laser chirality, i.e., circular polarization, η = ±. We remark that Eq. (2) holds for a general U (1) symmetric spin Hamiltonian H 0 , which indicates that essentially any kind of magnets, e.g., electron and nuclear spin systems, even paramagnets, can exhibit the optical Barnett effect. Moreover, the induced term η ΩS z tot is independent of material parameters such as g factor, and only depends on the laser parameters. In that sense, we can say that the optical Barnett effect is a universal phenomenon. Note that the circularly polarization is the key ingredient of the optical Barnett effect. Since the linearly polarized laser does not develop magnetization [21] , it neither produces the optical Barnett field.
While we treat the laser as a classical electromagnetic field in the above, we can explain the same phenomenon through the spin-photon coupling. Since the photon has spin ±1 depending on the circular polarization of laser η = ±, the Hamiltonian is given as 
S
± := S x ± iS y , a † and a are the bosonic creation and annihilation operators of photons, and g s-ph is the spin-photon coupling constant, which is proportional to B 0 . Noting that the total spin angular momentum η j a † j a j + S z tot is conserved, we substitute j a † j a j = const. − ηS z tot into the Hamiltonian and obtain
Ω, this Hamiltonian coincides with Eq. (2). Thus the spin angular momentum of photon is transferred to the magnet in the optical Barnett effect, and we can understand it analogously with the mechanical Barnett effect (Table I) .
III. OPTICAL MAGNON BEC
Next we investigate the prominent application of the optical Barnett effect, the optical magnon BEC. We consider the laser application to insulating ferrimagnets,
where
) represents the spin at the i(j)-th site on the sublattice A(B) having the spin quantum number S A(B) , J > 0 is the exchange interaction between the nearest neighbor spins i ∈ A, j ∈ B , and D A(B) > 0 is the easy-axis single ion anisotropy for the sublattice A(B) that ensures a magnetic order in the z direction. In the systems with anisotropy, we can realize the dynamical magnetization curve by modulating the laser frequency Ω slowly enough [22] , which is the experimental technique called chirping [34, 35] . First we analyze the optical Barnett effect in the classical case. Since the effective Hamiltonian Eq. (2), where H 0 is Eq. (4), has the U (1) symmetry, we assume that the spins reside in the xz plane, S A,i = (m 
, (5) where z 0 is the coordination number. We numerically obtain the classical spin configuration that minimizes the energy [Eq. (5) Fig. 2(a) . When the frequencyΩ is small, the spin configuration is unchanged and aligned along the z direction due to the anisotropy. Above the lower critical frequencyΩ c1 , the total magnetization along the z axis starts to grow. In this optical Barnett effect, m , in the vicinity ofΩ c1 andΩ c2 ensures the validity of the description in terms of the magnon picture. Hence we move to the analysis by the spin wave theory next, and see thatΩ c1 andΩ c2 become the magnon BEC transition points. The explicit form ofΩ c1(c2) is given in the Appendix B.
We first consider increasing the frequency Ω from belowΩ c1 , where the ground state has an alternating structure of up and down spins [Figs. 2(b) and 2(d)]. From the spin wave theory, elementary excitations are two kinds of magnons [31, 36] designated by the index σ = ± having the spin angular momentum δS z = −ησ1. The Hamiltonian [Eqs. (2) and (4)] can be recast into the diagonal form due to the U (1) symmetry as
where ∆
[α]
σ + σ Ω is the magnon gap in laser and ω
σ,k is the energy dispersion of the σ magnon annihilated (created) by the bosonic operator α σ,k , see the Appendix C. With increasing Ω, the energy band of σ = − magnon goes down, while that of σ = + magnon goes up due to the σ Ω term. The former touches the zero energy at
and the second order phase transition happens from the proliferation of magnons. This is the quasiequilibrium magnon BEC induced by the optical Barnett field, which we call the optical magnon BEC. Ω BEC1 coincides with Ω c1 . This optical magnon BEC is the macroscopic coherent state with the transverse magnetization associated with the spontaneous U (1) symmetry breaking [37] , and thus the total magnetization along the z axis grows (Fig. 2 ). Therefore this optical Barnett effect can be observed as the phenomenon induced by the optical magnon BEC, and we refer to this behavior in insulating ferrimagnets especially as the optomagnonic Barnett effect.
Next we consider decreasing the frequency Ω from aboveΩ c2 , where spins are full polarized in the ground state [Figs. 2(b) and 2(d)]. Again there are two kinds of magnons designated by the index σ = ± due to S A = S B , but in contrast to the Ω BEC1 case, both magnons have the same spin angular momentum δS z = −η1 since spins on both sublattices are polarized in the same direction. We can derive the Hamiltonian in the diagonal form
σ + Ω is the magnon gap in laser and ω
σ,k is the energy dispersion of the σ magnon annihilated (created) by the bosonic operator β σ,k , see the Appendix C. With decreasing Ω, the energy band of both σ = ± magnon goes down due to the Ω term, and the lower band touches the zero energy at
In the same way as the Ω BEC1 case, the second order phase transition happens at Ω BEC2 and magnons form the quasiequilibrium BEC. Ω BEC2 coincides with Ω c2 . Thus the optomagnonic Barnett effect is induced in the regime Ω BEC1 < Ω < Ω BEC2 . Finally, to investigate the dynamics of the optomagnonic Barnett effect, we numerically solve the equation of motion derived from the time-dependent mean field (TDMF) theory and calculate the time evolution of sublattice magnetization (Appendix D). The TDMF theory can well capture the magnetization dynamics [38] . The parameters are the same in and Ω 0 /J = 9. The normalized instantaneous frequency is defined asΩ(t) := (dϑ(t)/dt)/(z 0 J) = ( Ω 0 + vt)/(z 0 J). We calculate the dynamics in the time region 0 ≤ tJ/ ≤ 10 5 , which corresponds to 1.5 ≤Ω(t) ≤ 1.66 in the frequency regime. Figure 3 starts to grow from S A − S B = 3/2 whenΩ(t) exceeds Ω BEC1 = 1.54. In Fig. 3(b) , we show the time evolution for the xy components of sublattice magnetization aroundΩ(t) = 1.6 in the time interval of 0 ≤t ≤ 2, wheret := tJ/ − 6 × 10 4 is the normalized time. The result clearly shows that magnetization on both sublattices precesses around the z axis with the instantaneous frequency, same as the laserΩ(t), and the xy components of A and B sublattice magnetization are in the opposite direction. The period of this spin precession is O(1) ps.
IV. EXPERIMENTAL FEASIBILITY
We make an estimate for an insulating ferrimagnet Er 3 Fe 5 O 12 [31] [32] [33] , and give the magnetization curve and the experimental parameter values in Fig. 2 and its caption, respectively. We find that the magnon BEC transition points are Ω BEC1 = 1.85 THz and Ω BEC2 = 7.8 THz [39] , and the optical Barnett field amounts to B = O(10) T for Ω = O(1) THz. Our proposal is within the experimental reach with current device and measurement technologies, e.g., nuclear magnetic resonance [5, 6, 40] for the optical Barnett field, magneto-optical Kerr effect [41] for the magnetization reversal in the optical Barnett effect, Brillouin light scattering [42] for the optical magnon BEC, and terahertz spectroscopy [43, 44] for the spin dynamics of the order of picoseconds. Since magnons are induced by laser and not by thermal fluctuation in the present setup, our findings are realizable at low temperature [45] [46] [47] [48] where phonon degrees of freedom cease to work.
We emphasize the importance of modulating the laser frequency adiabatically by the chirping technique [34, 35] . Otherwise, the deviation from the magnetization curve happens due to a nonadiabatic transition from the Landau-Zener tunneling [49, 50] . To avoid this effect, a large magnetic anisotropy and a strong laser field is advantageous [21] . In addition, the laser chirping suppresses heating effects drastically.
V. DISCUSSION
First, we stress that the optical Barnett effect is different from the inverse Faraday effect [14, 15, 51] . The former is induced by the magnetic component of laser and the resultant effective magnetic field is proportional to the laser frequency, while the latter is by the electric component of laser and the effective field is proportional to a square of laser field.
Second, the laser application without chirping can be studied by the Floquet theory with inverse frequency expansion [52, 53] . This analysis also supports the generation of the optical Barnett field in the high frequency regime (Appendix E).
Last, we remark that the optical Barnett field through the chirping is proportional to the laser frequency B ∝ Ω.
Hence Ω = O(1) THz amounts to B = O(10) T, which provides a novel platform to explore the phenomena at high magnetic field O(10) T or more in the tabletop setup.
VI. CONCLUSION
Combining quantum optics and magnonics technologies, we established a new method to control and design optomagnetic functionalities in magnets, dubbed the optomagnonic Barnett effect. The application of circularly polarized laser to spin systems induces the effective field, the optical Barnett field, which develops magnetization. Employing the optical Barnett field in insulating ferrimagnets, we showed that the optical magnon BEC can be realized with chirped laser. Our work paves the way to bridge between quantum optics and magnonics, and develops an emerging research area, dubbed optomagnonics.
ACKNOWLEDGMENTS
The authors would like to thank H. Chudo, Y. Ohnuma, K. Usami, and K. Totsuka for helpful discussions. KN is supported by JSPS KAKENHI Grant Number JP20K14420 and by Leading Initiative for Excellent Young Researchers, MEXT, Japan. KN is grateful to the hospitality of MPI-PKS during his stay financially supported by ASRC-JAEA, where this work was initiated.
Appendix A: Effective static Hamiltonian
In this section starting from the time-periodic Hamiltonian
we derive the effective static Hamiltonian Eq. (2) in the main text. We apply the time-dependent unitary transform,
to H(t) as
Then we obtain the effective static Hamiltonian as
In the case of weak laser field B 0 Ω, the B 0 S x tot term is negligibly small. Thus we reach the effective static Hamiltonian Eq. (2) in the main text.
Appendix B: Classical theory
In this section, we derive the lower (upper) critical frequency Ω c1(c2) . The classical spin configuration is determined in the way that the energy
takes minimum. Since Eq. (B1) has the U (1) symmetry, we assume that S A and S B are in the xz plane. We parametrize the spins as S A = (S A sin θ A , 0, ηS A cos θ A ) and S B = (−S B sin θ B , 0, ηS B cos θ B ). Then Eq. (B1) can be rewritten as
From the conditions for the energy minimum, ∂ /∂θ A = 0 and ∂ /∂θ B = 0, we obtain
(B4)
Around Ω = Ωc1
We consider the frequency just above Ω c1 , where sin θ A θ A , sin θ B π − θ B , cos θ A 1, cos θ B −1, θ A = 0, and π − θ B = 0. Then Eqs. (B3) and (B4) become
From Ω c1 > 0, we obtain
2.
Around Ω = Ωc2
We consider the frequency just below Ω c2 , where sin θ A θ A , sin θ B θ B , cos θ A 1, cos θ B 1, θ A = 0, and θ B = 0. Then Eqs. (B3) and (B4) become
From Ω c2 > 0, we obtain
Appendix C: Spin wave theory
In this section, we derive the magnon BEC transition point Ω BEC1(BEC2) and see that it coincides with the lower (upper) critical frequency Ω c1(c2) . We consider the system
The boundary condition is periodic, and the number of sites is N ; N/2 sites for the A and B sublattice.
Around Ω = ΩBEC1
The ground state is ferrimagnetic S A = (0, 0, ηS A ) and S B = (0, 0, −ηS B ). We perform the Holstein-Primakoff transformation, and n (A,B) ,j ≡ b † (A,B),j b (A,B) ,j is the number operator. We make an expansion and retain up to the second order in terms of b and b † ,
Using magnon operators, the Hamiltonian (C1) is rewritten as
where the constant terms are dropped. We consider the cubic lattice and the coordination number is z 0 = 6. After the Fourier transform
(r i is the positional vector), we obtain
where a 0 is the lattice constant. We perform the Bogoliubov transformation
with the angle
Then the Hamiltonian becomes
where the constant terms are dropped. We can rewrite the Hamiltonian in the form
where ω
σ,k is the energy dispersion and ∆
σ + σ Ω is the magnon gap in laser represented as
noting that f (k) takes the maximum at k = 0. Therefore, when Ω is increased from the small value, the magnon created by α † −,k=0 condensates at
which agrees with Ω c1 [Eq. (B5)].
Around Ω = ΩBEC2
The ground state is ferromagnetic S A = (0, 0, ηS A ) and S B = (0, 0, ηS B ). We perform the Holstein-Primakoff transformation, Using magnon operators, the Hamiltonian (C1) is rewritten as
where a 0 is the lattice constant. We perform the transformation
We can rewrite the Hamiltonian in the form
where ω σ ≤ 0. We remark that in the case of an insulating ferromagnet, the application of the circularly polarized laser increases the magnon gap and the optical magnon BEC does not occur. In this section, we discuss the time evolution of sublattice magnetization. To this end, we numerically simulate the dynamics of the system using the time-dependent mean field theory and recasting the equation of motion into the form
We treat m A and m B as classical vectors, then Eq. (D1) is nothing but the two-body Landau-Lifshitz-Gilbert equation.
Here we assume the laser-induced phenomena is much faster than magnetization damping, and neglect the Gilbert term. From the time-dependent Hamiltonian, 
